INTRODUCTION
============

Mosquitoes feed on plant nectar and/or animal blood and during blood feeding transmit many pathogens, for example, malaria, lymphatic filariasis, dengue, and yellow fever to their hosts \[[@B1],[@B2]\]. During the blood feeding, the proboscis of female mosquitoes pierces the inner layer of the skin, injuring the host\'s tissues and blood vessels resulting in host hemostatic responses \[[@B3]\]. To overcome host hemostatic responses, mosquitoes secrete many inhibitors that prevent blood coagulation, platelet aggregation, host immunity, inflammation, and other biological processes in a host\'s system \[[@B4]\]. Arthropod saliva also affects immunological responses. For instance, mosquito saliva-specific IgE is important in host systemic allergic reactions to mosquito bites \[[@B5]\]. In addition, arthropod secretions serve as a vehicle to transmit zoonotic and human pathogens, and suppress or enhance the host\'s immune responses \[[@B2]\]. However, the pharmacological functions of arthropod saliva have not been fully investigated \[[@B6]\].

The mosquito midgut provides a potential barrier that impedes the development in the arthropod host \[[@B7],[@B8]\]. The midgut of male and female arthropods performs at least 3 endocrine functions; diuresis, synthesis, and secretion of digestive enzymes; peritrophic membrane protection; and nutrient absorption \[[@B9]\]. Inside the mosquito midgut, anticoagulants inhibit exflagellation, cellular invasion, and parasite survival \[[@B10]\].

Heparin is an unfractionated anticoagulant acting on the coagulation cascade \[[@B11]\]. Heparin is a highly sulfated form of heparan sulfate and belongs to a family of glycosaminoglycans (GAGs) \[[@B12]\]. However, studies have not yet obtained evidence revealing the presence of heparin that belongs to GAGs in the mosquito midgut. This study was conducted to quantify and detect the presence of heparin in the proboscis, salivary glands, midgut, and thorax muscles of male and female mosquitoes. Heparin was detected using an immunohistochemical detection method, heparin ELISA kit, and western blot.

MATERIALS AND METHODS
=====================

Mosquito rearing
----------------

Mosquitoes (*Aedes togoi*) were reared at 27℃, 80% relative humidity, and 16 hr:8 hr light/dark photoperiod \[[@B13]\]. Larvae were fed a mixture of ground fish food and baker\'s yeast. Pupae were removed daily, placed in an open container with tap water, and placed in a screened cage until emergence. Adults were transferred to a cage after pupation and provided a 10% sucrose-soaked cotton rod. One of the female mosquito groups were fed on mice, under an approved animal use protocol, for egg production.

Dissection of mosquitoes
------------------------

The detailed dissection procedures of the midgut and salivary glands in a female mosquito were previously well described \[[@B14]\]. Mosquito sample was anesthetized by subjecting to a cold temperature of 4℃, until it was immobilized. The mosquito was kept in a Petri dish placed on ice. Thereafter, the mosquito was transferred to PBS solution onto a glass slide. Using a needle-tip probe and forceps, the salivary glands and midgut were dissected from each mosquito sample.

Immunohistochemistry of mosquitoes
----------------------------------

Feeding and non-feeding mosquitoes were anesthetized in an ice bath for 5-10 min and then inoculated with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) with 0.25% Triton X-100 for 1 hr at 4℃. The samples were fixed, washed, and incubated for 12 hr in 25% sucrose in PBS solution. The resulting samples were infiltrated in OCT™ compound (Sakura Finetek, Torrance, California, USA) and cut into sections with thickness ranging from 15-20 µm in thickness. Test samples was transferred to glass slides air dried at ambient temperatures, and fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) with 0.25% Triton X-100 for 1 hr at 4℃. After fixation, the slides were washed and incubated for 1 hr in 2% normal goat serum mixed with blocking solution. Anti-heparin (Kamiya Biomedical Company, Seattle, Washington, USA) was incubated with goat anti-mouse IgG Alexa Fluor 488 (1:200, Invitrogen, Carlsbad, California, USA) overnight at 4℃ and with TOTO®-3 (1:100) as a nuclear DNA counterstain. All of the fluorescent images were observed using a LSM 510 LASER scanning microscope (Carl Zeiss Inc., Thornwood, New York, USA).

Detection of heparin in mosquitoes
----------------------------------

The concentration of heparin in mosquitoes was quantified using a heparin ELISA kit (Lifespan Technologies, Salt Lake City, Utah, USA). The mosquito samples were mixed with detector-enzyme conjugate in the wells of the heparin-coated plate. The amount of heparin in each test mosquito was compared with the heparin bound to the plate. The concentration of heparin was determined based on the standard curve obtained from the heparin-coated plate.

Western blotting
----------------

The salivary gland and midgut of each female mosquito sample were dissected. The detailed procedures are described in detail \[[@B15]\]. Total proteins (40 µg) were extracted from the salivary gland and midgut using Tissue protein extraction reagent (Thermo Scientific, Wilmington, Delaware, USA). We loaded the proteins in a 10% acrylamide gel with sample buffer. The proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and then blocked the membrane with 5% milk TBS/T solution for 1 hr room temperature. Anti-heparin was used as the primary antibody. Monoclonal anti-β-actin (Santi Cruz Technology, Santa Cruz, California, USA) was used for loading control. Bound antibody was detected by using the Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, Illinois, USA). Chemiluminescent signals were captured with the LAS 3000 system (Fuji, Tokyo, Japan).

Statistical analysis
--------------------

Statistical analyses were conducted using the SigmaPlot 10.0 software (Systat Software, San Jose, California, USA).

RESULTS
=======

Head and mouthpart of *A. togoi*
--------------------------------

The head of an adult mosquito is equipped with 3 different types of appendages: antennae; maxillary palps; and proboscis. In a previous study, each appendage was surgically removed and showed that the antennae and maxillary palps were involved in host detection \[[@B3]\]. The mouthpart (proboscis) of a mosquito consists of 6 piercing stylets that include the labrum, paired mandibles, hypopharynx, and paired maxillae. The labrum, approximately 30 µm in diameter, functions as food canal and is the largest and stiffest stylet among the fascicles ([Fig. 1](#F1){ref-type="fig"}) \[[@B16]\].

An opaque cuticle wrapping the 6 stylets prevents the stylets to be observed clearly ([Fig. 1A](#F1){ref-type="fig"}). The labrum was removed by microsurgical treatment using keen-edged forceps to strip off the opaque cuticle to show the salivary duct and food canal ([Fig. 1B](#F1){ref-type="fig"}). The cross-sectional image of the proboscis shows the labrum (La), food canal (Fc), salivary canal (Sc), and Laciniae (Lc) ([Fig. 1C](#F1){ref-type="fig"}).

Visualization of heparin in *A. togoi*
--------------------------------------

The salivary gland consists of 2 lateral lobes and 1 median lobe. Each lobe is composed of an epithelial cell layer distributed around a central cuticle-lined salivary duct and bounded externally by a basal lamina. A narrow tube-like midgut is positioned in the anterior region \[[@B9]\]. The presence of heparin was observed in some parts of the salivary gland of female mosquitoes ([Fig. 2A](#F2){ref-type="fig"}). The midgut also exhibited a fluorescence signal for heparin. However, no fluorescence signals were detected in the thorax muscle tissues ([Fig. 2A](#F2){ref-type="fig"}). Heparin was detected in the paired mandibles, inside the labrum, and in the salivary canals of both male and female mosquitoes ([Fig. 2B and C](#F2){ref-type="fig"}), but not in the maxillary palp of the males.

Quantification of heparin in mosquitoes
---------------------------------------

The saliva of mosquitoes contains an anticoagulant to prevent formation of blood clots \[[@B17]\]. Mosquitoes and other blood-feeding arthropods have been known to possess effective anti-hemostatic mechanisms to prevent blood loss by using anti-hemostatic factors such as mosquito saliva. In addition, the coagulant of blood in the midgut can inhibit the ingested pathogens by consistent streaming of ingested blood. This phenomenon has influence on the prevalence of infection by mosquito-borne parasites \[[@B18]\].

In this study, we tried to quantify the expression of heparin, as 1 of anticoagulants, in the salivary glands and midgut of a female mosquito. The mean heparin concentration for male *A. togoi* (13.1±1.3 µg/ml) was not significantly different from the mean heparin concentrations in non-blood-fed females (16.4±2.8 µg/ml). However, the mean heparin concentrations for blood-fed females (21.3±1.3 µg/ml) was significantly higher than those for males (*P*\<0.05) and non-blood fed females (*P*\<0.5). Higher heparin concentrations were observed in blood-fed mosquitoes than non-blood-fed female mosquitoes ([Fig. 3A](#F3){ref-type="fig"}). The salivary gland mean heparin concentration of females was 5.9±0.7 µg/ml. The midgut mean heparin concentration was 14.6±0.7 µg/ml, and were significantly higher (*P*\<0.05) than that in the salivary glands of blood-fed or non-blood-fed female mosquitoes ([Fig. 3B](#F3){ref-type="fig"}). Western blot analysis showed a remarkable expression of heparin in the midgut of female mosquitoes, compared to the salivary gland ([Fig. 3C](#F3){ref-type="fig"}).

DISCUSSION
==========

Female and male mosquitoes both feed on nectar, and females also take blood meals for egg development or as a meal. The salivary glands of male mosquitoes are smaller than those of female mosquitoes, which may account for higher mean heparin concentrations in unfed females.

Mosquito saliva contains various bioactive substances that are involved in the blood-feeding process of female mosquitoes \[[@B17]\]. These bioactive substances inhibit hemostasis by any of the following mechanisms: injection of an anticoagulant factor, inhibition of platelet aggregation by apyrase, or salivary factor that inhibits collagen-induced platelet aggregation, inhibition of thrombin activity, and vasodilation of the host\'s blood vessels \[[@B19]\]. The components of saliva differ depending on mosquito species and affect the survival of parasites in the mosquito midgut, with each anticoagulant eliciting different effects on the coagulation cascade \[[@B8],[@B10],[@B20]\].

Heparin, a negatively charged mucopolysaccharide, is a highly sulfated anticoagulant that is involved in many biological processes; cell attachment, growth-factor binding, cell proliferation, migration, morphogenesis, and viral pathogenicity \[[@B21]\]. In a previous study \[[@B4]\], heparin exhibited a high affinity to alboserpin, which is one of the major anticoagulants in the salivary gland of *Aedes albopictus*. The binding between heparin and alboserpin interacts with phosphatidylcholine and phosphatidylethanolamine but not with phosphatidylserine and exhibits potent antithrombotic properties under in vivo conditions. Heparin can accelerate the inhibition rate of vertebrate plasma antithrombin. Heparin also binds to a tissue factor pathway inhibitor and vascular endothelial growth factor that contributes to endothelial cells and other GAG-bearing cells \[[@B4]\].

Furthermore, heparin binds to erythrocytes infected with *Plasmodium falciparum*. This binding induces severe malarial symptoms in children. Therefore, heparin was once used to treat severe malaria accompanied by disseminated intravascular coagulation because this binding is more easily isolated from normal blood. However, this kind of treatment is no longer administered because of several side effects, such as intracranial bleeding. Heparin can reduce anticoagulation by oxidizing a pentameric sequence; as a result, GAG is depolymerized and a low anticoagulant heparin (LAH) is generated. LAH can disrupt rosettes and reduce cytoadherence under in vitro and in vivo conditions. An intravenous injection of LAH prevents the infected erythrocytes from binding to the microvasculature of a rat and releases the sequestered *P. falciparum*-infected erythrocytes in the circulatory system. In addition, LAH inhibits merozoite invasion under in vitro conditions \[[@B12]\]. However, previous studies have obtained clear evidence of the presence of heparin or GAGs in the mosquito midgut \[[@B22]\]. Furthermore, GAGs have been used to investigate pathogen-host cell interactions. Heparin and GAGs induce the proliferation of *Leishmania amazonensis* and *Leishmania major* in the midgut of phlebotomine sandflies. As a result, parasite proliferation and potential for transmission of parasite is increased in *Leishmania*-infected sandflies \[[@B23]\].

In this study, heparin was detected in the salivary gland duct, salivary glands, and midgut of *A. togoi*. The mean concentrations of heparin were higher in blood-fed female mosquitoes, compared to non-blood fed females. Heparin is secreted to induce the coagulation cascade. Heparin levels are largely increased during the salivation of a blood-feeding mosquito. In addition, the expression of heparin show a similar pattern with ELISA results. The heparin protein expression exhibits a high level in the midgut, compared to the salivary gland of blood-feeding mosquitoes. From this result, we can hypothesize that the anticoagulant is applied from the feeding behaviors or secretion from the midgut of a mosquito to prevent the formation of blood clots. In a previous study, blood-feeding insects were found to show the expression of tsetse thrombin inhibitor (TTI), anticoagulant peptide, in their salivary glands and gut tissues \[[@B24]\]. Therefore, we assumed that blood-fed female mosquitoes may also express the anticoagulant enzyme in their salivary gland and midgut, together. Otherwise, the detected heparin may contain anticoagulants in the host blood, at least partially.

In our study, the presence and amount of heparin were visualized and quantified in various tissues and ducts of *A. togoi*. Heparin was detected in the midgut and salivary gland duct but not in the thorax muscles. Heparin concentrations were higher in female mosquitoes than in male mosquitoes, in response to blood-feeding activities. The pathological interactions of heparin and *A. togoi*-borne pathogens remain unknown, and further studies should be conducted to determine the underlying mechanisms of heparin in *A. togoi*.
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